We propose an optical signal-to-noise ratio (OSNR) estimation technique using self-equalized complementary Golay sequences for both QPSK and 16-QAM coherent optical systems. The training sequences have complementary spectra, which enable accurate channel estimation and equalization, and have length-independent constellation for high-performance estimation. Estimation performances are verified through 100-and 40-Gb/s QPSK and 200-and 80-Gb/s 16-QAM coherent polarization-multiplexed optical systems, with an accuracy of 0.4 and 0.7 dB, in both simulations and experiments, respectively.
Introduction
The rapid growth of demand for higher bandwidth communication systems has led to the evolution of using coherent receiver with digital signal processing (DSP) at the receiver end. Coherent detection enables the use of complex modulation formats such as quadrature amplitude modulation (QAM) to increase the overall system efficiency as well as compensating for linear channel impairments using DSP [1] - [5] . Coherent detection also enables in-service optical performance monitoring, which is critical in managing high speed optical networks, and thus, monitoring based on the received signals has received many research interests [6] - [10] . In coherent optical systems, there are typically two methods to acquire channel filter information for equalization purpose: blind estimation using gradient algorithms and data-aided channel estimation using training sequences (TS). The primary difference is that data-aided channel estimation gives more robust and faster convergence speed with the trade-off of reduced bandwidth efficiency compared to blind estimation [11] . While data-aided systems employing short TS have been proposed, systems employing long TS typically achieve better performance under steady state, much better tolerance to channel impairments, and by being able to equalize a longer data frame, similar coding efficiency compared to short TS systems can be achieved [12] - [14] . We previously proposed the use of Golay sequences for systems utilizing long TS and demonstrated that Golay sequences achieve very similar performance compared to ideal constant amplitude zero auto correlation (CAZAC) sequences [13] . Furthermore, the remarkable length-independent constellation property makes Golay sequences much more ideal for both QPSK and 16-QAM systems with long TS [13] , [14] . Based on the estimated channel information, chromatic dispersion (CD), polarization mode dispersion (PMD), and polarization dependent loss (PDL) can be estimated. Optical signal to noise ratio (OSNR) is also an important parameter in monitoring network performance and is directly related to the network quality, and estimation of this parameter has seen intensive research interests [15] - [22] . As OSNR cannot be estimated directly from filter taps, techniques in [15] - [17] are based on nonlinear effects, while methods in [18] - [22] are based on the received signal SNR of the equalized signal and utilize either statistical moments [18] - [20] or through error vector magnitude (EVM) [21] , [22] . Methods that utilize the received signal SNR is an attractive option as they basically require no extra hardware; however, most techniques require the entire data frame to be equalized first based on zero forcing (ZF) method [18] - [20] , which may cause accuracy and stability problem if the data are equalized using complex enhanced equalizer. Furthermore, a general trend in designing data-aided coherent optical system is to first acquire channel information from training sequences, then enhancing subsequent data equalization through more complex equalizers that are SNR-aware [12] , which makes it very desirable to estimate SNR from the training sequences without requiring the entire frame to be equalized.
In this paper, we propose and demonstrate an in-band SNR and OSNR estimation technique for data-aided optical systems based on channel estimation using complementary Golay sequences and equalizing the training sequences for OSNR estimation through a filtered channel estimation solution. The use of long sequences enables fast and robust channel and OSNR estimation right at the beginning of the data frame with the added advantage that SNR estimation is transparent to the data frame and the entire data frame does not need to be equalized before updating SNR and OSNR information. The technique is verified through simulations and experiments to be able to accurately estimate a wide range of OSNR with an estimation error of around 0.7 dB and is robust against channel impairments.
Training Sequence Aided SNR and OSNR Estimation
Coherent polarization multiplexed (PolMux) optical channel can be modeled as a 2 Â 2 MIMO transmission link, and based on this model, data-aided channel estimation and equalization using Alamouti's code can be performed [13] . After channel information is acquired, equalization of the following data frame can be performed based on either ZF or MMSE criteria with the latter requiring information about SNR. In order to estimate SNR from the training sequences, we first consider the fully equalized random data sequences in time domain:
where r ½n is the equalized data sequence, s½n is the original sequence, and w ½n is the added noise sample. We further assume that the noise is Gaussian with a mean of 0 and a variance of 2 2 . If the signal or its constellation is known, then noise parameter can be estimated. The lengthindependent constellation of Golay sequences enables the estimation of SNR from the equalized sequences in a manner similar to random data. However, since the training sequences are used to estimate the channel transfer function, if we equalize the training sequences using this raw estimation and overlap-cut equalization, then we will receive most of the original sequences back without any noise component since the noise is also equalized. Furthermore, under the effect of additional noise, the channel estimation will become noisier with noise components having much higher frequency compared to the useful transfer functions. It is therefore essential to approximate a noise-free estimation in order to equalize the training sequences and preserve the noise information. This can be achieved by utilizing a simple method to approximate the noise free channel estimation by employing a moving average filter (MAF) on the estimated channel transfer function defined as:
where W i;j ½n is the filter channel transfer function; H i;j ½n is the original transfer function; i; j indicate the position of the filter inside the frequency domain 2 Â 2 transmission matrix; and is a parameter to be optimized for OSNR estimation. Equation (2) is optimal for time domain signal, and by considering frequency domain channel transfer functions as time domain signals, this approach will eliminate most of the noise in the channel estimation which in turn ensures that this information is preserved in the final equalized signal. We proposed another method for removing noise from the channel estimation by utilizing a time domain impulse response filter (IRF) [23] . For channel estimation, it is trivial that this method provides a trade-off between CD tolerance and noise enhancement performance. Fig. 1 shows a constellation plot of the equalized training sequences for QPSK system before and after channel filtering (with MAF and ¼ 6) using Golay sequences with length N ¼ 256 symbols and OSNR ¼ 22 dB. In case of no channel filtering, small variations in the equalized training sequences are due to misalignment between the overlap-cut equalizer and the training blocks, while it can be seen that, with estimation filtering, the noise information is reserved and can be used for SNR estimation. For 16-QAM system, similar results can be observed using 16-QAM Golay sequences and are not shown in these plots. After equalization of the training sequences using the estimated channel information with filtering, the added noise can then be subtracted from the signal and the SNR is measured as:
Finally, the OSNR is estimated by first measuring the electrical RF noise SNR RF at a reference OSNR point [19] , [20] . This is done by measuring the reference point in back to back configuration and without any added amplified spontaneous emission (ASE) from noise source and then calculate the OSNR as:
where B ref and R s are the reference bandwidth and Baud rate, respectively, and SNR RF is the measured system SNR without any added ASE noise. Fig. 2(a) shows the simulation setup to investigate the proposed technique. Training sequences are generated with both QPSK and 16-QAM constellations using the method in [9] by two arbitrary waveform generators (AWGs) at 25 Gsymbol/s, resulting in 100 Gb/s and 200 Gb/s effective bit rates for QPSK and 16-QAM systems, respectively. The sequences are then modulated and polarization-multiplexed through a polarization beam combiner (PBC). First-order PMD emulator and standard single-mode fiber model is used to simulate a transmission line and DGD. At the receiver end, PDL and OSNR emulators are used to generate PDL and OSNR, respectively. The receiver part consists of a balanced coherent receiver using optical hybrid, and data after photo detection are saved for offline DSP using MATLAB. Fig. 2(b) shows the block diagram of the receiver's DSP for data-aided systems with SNR estimation. System CD estimation is performed once using data-aided CD estimation technique proposed in [6] , and then, CD compensation is performed in frequency domain using overlap-cut method. Frequency offset estimation is performed in blind mode using mth power algorithm which estimates the carrier peak offset and moves it back to the center of the spectrum [13] . Frame synchronization is carried out using sampled auto correlation algorithm to find the training sequences, and channel transfer matrix is estimated by multiplying the received TS with an inverse copy of the original matrix [6] . Since residual CD and clock phase will affect performance of noise filtering, we estimate these parameters using least square interpolation method proposed in [6] , [9] from the channel transfer matrix and subtract them before noise filtering and then add them back at the end [12] . These residual impairments are only needed to be roughly estimated once as the remaining impairments due to estimation error are small and are tolerated by the noise filters. The extracted training sequences are then equalized using filtered channel estimation and data-aided phase noise compensation [13] . Since our proposed estimation technique depends on achieving noise-free estimation through filtering, we first optimize these filters in simulation over a wide range of OSNR. Fig. 3(a) shows a plot of estimated OSNR errors as a function of (filter size) using MAF for system with training sequence length N ¼ 256, and it can be seen that minimum error is achieved at ¼ 8. A similar approach is carried out for different training sequence lengths, and a value of ¼ 6 is used for N ¼ 128. Fig. 3(b) shows a plot of the estimated OSNR error as a function of the number of zeroed taps (filter size) using IRF method, and it can be seen that performance increases with the increased amount of zeroed taps. After residual impairment subtraction, the number of zeroed taps for the IRF method is chosen to be 87.5% of the total estimated taps (224 taps for N ¼ 256). Fig. 4 shows the root mean squared (RMS) estimation error for different OSNR for back to back transmission using 256-symbol Golay sequences with each point measured 50 times for RMS error calculations. Since it is very difficult to measure high OSNR value in practice due to noise from the receiver, we set the measured range of OSNR in simulation to be between 10 and 22 dB for both QPSK and 16-QAM systems. It can be seen that estimations for both QPSK and 16-QAM systems are accurate, with a maximum RMS error of around 0.4 dB for 256-symbol training sequences. As the TS length N decreases, estimation error slightly increases as expected since not only the estimator has fewer samples to work with but lower resolution estimation also affects the performance of channel filtering method. It can also be seen that, with optimized filter parameter, both MAF and IRF techniques have very similar performance for OSNR estimation. While IRF method can provide a trade off in accuracy and channel impairment tolerance, in order to measure SNR using the proposed scheme, both MAF and IRF techniques require these impairments to be estimated for the highest SNR estimation accuracy; thus, MAF can be considered a simpler method to implement as no IFFT/FFT operations are needed. Fig. 5(a) shows the estimation error versus different transmission distances for an emulated OSNR value of 19 dB using MAF, and it can be seen that estimation performance is robust against all transmission distances with very small degradation in estimation as the dominating impairment CD is compensated in the frequency domain. Fig. 5(b) shows the RMS estimation error versus first order PMD (represented by the differential group delay DGD), and a similar conclusion can be drawn. Results for IRF are similar compared to MAF and are omitted from these plots. Fig. 6(a) shows the OSNR estimation error on each of X-and Y-polarizations for OSNR ¼ 19 dB under the effect of weak PDL ðPDL ¼ 3 dBÞ and different PDL angles. It can be seen that due to interaction with PDL, the estimated OSNRs on X-and Y-polarizations are not the same, and the overall OSNR estimation is different compared to the case with no PDL (reference line, normalized to 0 dB). This behavior is expected as our OSNR emulator assumes that the signal is noise free, while our estimated results are a combination of both OSNR emulator and OSNR degradation due to PDL. The difference of around 0.4 dB (at PDL angle of 45 ) is consistent with the theory proposed in [24] . Fig. 6(b) shows that, for worst-case PDL, differences in the estimated OSNR on X-and Y-polarizations are linearly related to different PDL levels as expected. This shows that the proposed technique is able to estimate OSNR of the X-and Y-polarization tributaries independently and reflect OSNR differences caused by PDL, which is a desirable characteristic for OSNR monitoring in polarization-division-multiplexed (PDM) coherent optical system [15] . Overall, it can be concluded that the proposed technique is robust against PDL. Fig. 7 shows the diagram of our experimental setup to verify the proposed technique. The transmitter consist of two I/Q modulators, and the training sequences are generated using two AWGs at rate of 10 Gsymbol/s which translates into 40 Gb/s and 80 Gb/s effective bit rates for QPSK and 16-QAM, respectively. The system is assumed to operate at optimal launch power to minimize non-linear noise as this degrades estimation performance [20] . The transmission line consists of one single 400 km standard single mode fiber. At the receiver, a first order PMD emulator is added to generate a known amount of DGD. An ASE source is added using two cascaded optical amplifiers. Since it is very difficult to estimate high OSNR due to other noise sources independent of ASE noise and high OSNR is unrealistic for most systems, the OSNR range to be monitored is set to 10-22 dB. The signal is then split into two paths using a coupler with a ratio of 9:1. The 10% path was then fed into an optical spectrum analyzer (OSA) for independent measurement of the OSNR, while the other path was sent into balanced coherent receiver. The data are then captured using 40 GHz sampling scope for offline DSP using the procedure explained in Fig. 3 . Fig. 8 shows the measured RMS estimation error in experiments for QPSK and 16-QAM systems using 256-symbol long sequences after back-to-back and 400-km transmission using standard single mode fiber. It can be seen that estimation is accurate with a maximum error of around 0.7 dB for both QPSK and 16-QAM systems, with 16-QAM systems having slightly higher maximum error. Both MAF and IRF methods have similar estimation performance. Overall, estimation for both systems achieves a maximum error of around 0.7 dB and is consistent with other SNR-based estimation techniques [19] , [20] , which verifies that our proposed method is able to estimate OSNR with high accuracy. Fig. 9 shows the estimation error against DGD for QPSK systems using a first-order PMD emulator for back-to-back and 400-km SSMF transmissions. It can be seen that, for a wide DGD range of 0-30 ps, there is almost no degradation in the estimation performance. This shows that our proposed technique is also robust against DGD. Overall, it can be concluded that the proposed OSNR estimation technique is accurate and robust against channel linear impairments.
Simulation Setup and Results

Experimental Setup and Results
Conclusion
We have proposed a method to estimate both OSNR and SNR from the equalized training frame of data-aided coherent optical systems using complementary Golay sequences and channel estimation filtering. The technique has advantage of providing both an updated information on system OSNR as well as updated SNR information independently from the equalized data and does not require the entire data frame to be equalized. The use of long training sequences (256 symbols) enables estimation stability and accuracy, while length independent constellation training sequences enable compatibility with both commercial QPSK and 16-QAM modulators. Our proposed method is demonstrated in both simulations and experiments to be able to accurately estimate system OSNR with an accuracy of 0.4 dB in simulations and 0.7 dB in experiments, which is consistent with other SNR-based estimation methods. The technique is also verified experimentally and in simulations to be robust against linear impairments such as CD, DGD, and PDL. Although non-linear impairments are not considered, a scheme similar to those in [21] can be employed to aid estimation in systems affected by strong non-linear noise.
